Regulation of DnaA protein activity is thought to play a vital role in controlling initiation of chromosomal replication in Escherichia coli (1, 2) . DnaA protein, an essential component for initiation, binds to four 9-mer DnaA boxes within the unique 245-base pair origin of chromosomal replication, oriC. After binding to oriC, DnaA protein promotes a local unwinding of the DNA, which leads to the formation of a prepriming complex and the subsequent reactions for DNA synthesis.
Initiation of chromosomal replication occurs at a precise time within the cell cycle (1, 2) . Given that levels of DnaA protein remain constant throughout the cell cycle (3), other mechanisms must regulate the protein's activity. Prominent among these in vitro is the influence on the replicative action of DnaA protein by the tight binding of ATP and ADP (K d of 30 and 100 nM, respectively) (4) . Both the ADP and ATP forms of DnaA protein bind oriC (4 -6) , but only the ATP form is active for succeeding replication steps. The ADP form fails to promote strand opening (4, 7) and therefore is inert for replication (4, 8, 9) .
Hydrolysis of bound ATP to ADP occurs gradually (4) , is DNA-dependent (4), and may be modulated by a soluble factor (10) . The resulting ADP remains tightly bound to DnaA protein, and exchange of bound ADP for ATP, even in the presence of high concentrations of ATP, is extremely slow (4) . The initiation activity of ADP-DnaA protein, however, can be restored by treatment in vitro with acidic lipids in a fluid bilayer (11) (12) (13) (14) . In the presence of anionic lipid vesicles and oriC, DnaAbound ADP can be exchanged for ATP, rendering DnaA protein active for initiating replication (11, 13) .
Recent in vivo studies support the participation of acidic phospholipids in replication from oriC. Disrupted expression of phosphatidylglycerophosphate synthase (pgsA) results in cells that are depleted of acidic lipids and arrested for growth (15) . The cells remain viable, and growth can be restored by induced expression of an intact copy of pgsA (16) . Growth arrest also can be suppressed in the absence of pgsA expression if a mutation in rnhA is introduced into the cells (17) . RNA in hybrid RNA-DNA duplexes persists in the absence of RNase H (rnhA gene product) at multiple sites in the genome and can serve as primers for DNA replication, thus bypassing the requirement for initiation at oriC and, thereby, DnaA protein (18) . Such a means of suppressing arrested growth indicates that acidic phospholipids are necessary for normal, oriC-based initiations and implies that the primary cause of growth limitation in acidic phospholipid-deficient cells may be the inability to activate DnaA protein through phospholipid-mediated nucleotide exchange.
While accumulating in vitro and in vivo evidence suggests that lipid components of the cellular membrane play an active role in regulating DnaA protein activity, the interaction between DnaA protein and membranes remains poorly defined. It is known that other soluble proteins have their activities altered by interaction with membrane lipids. For example, protein kinase C is activated by the anionic phospholipid, phosphatidylserine, and has been shown to undergo a conformational change upon phosphatidylserine binding (19) . Insertion of a domain of SecA protein into lipid vesicles promotes a conformational change in the soluble portion of the protein (20) . This alteration is dependent upon temperature and shows specificity for acidic vesicles. A similar dependence on acidic lipids has been found for membrane binding and insertion of CTP:phosphocholine cytidylyltransferase, indicating that this protein has the same lipid requirements as does DnaA protein for membrane binding. Examination of the contributions of electrostatic and hydrophobic interactions in the activation of CTP:phosphocholine cytidylyltransferase by acidic vesicles indicate that its activation follows a two-step process of membrane binding followed by intercalation of a domain into the bilayer (21) . Aspects of the DnaA protein's activation by fluid acidic membranes are similar to those for these other proteins and lead us to propose that functional interaction with phospholipids involves recruitment of DnaA protein to the membrane surface through electrostatic attraction, followed by insertion of a domain into the hydrophobic region of the lipid bilayer.
A domain of DnaA protein necessary for functional interaction with acidic membranes was previously identified; tryptic disruption of this region blocked lipid-mediated release of nucleotide from DnaA protein (22) . While the procedure of proteolytically mapping functional fragments permitted the identification of a segment important for membrane interaction, it did not reveal whether membrane-DnaA protein interaction is restricted to the polar head groups or if insertion into the bilayer occurs. Moreover, if insertion occurs, the question arises of whether it is restricted to a discrete region of the protein.
The photoreagent [ 125 I]TID-PC/16 1 (see Fig. 1A ) is an analog of the zwitterionic lipid phosphatidylcholine and can be incorporated into vesicles of desired composition (23) . Upon photolysis, the diazirine group, located at the end of the sn-2 aliphatic chain, is converted to a carbene, which rapidly reacts with adjacent molecular bonds. The neighboring environment of the carbene consists largely of acyl chains, and to the extent of their presence, segments of protein that have inserted into the hydrophobic region of the lipid bilayer. This reagent has previously been employed to identify membrane-inserted domains of such proteins as the rabies and vesicular stomatitis viruses' envelope glycoproteins (24) , influenza virus hemagglutinin (25) , and the myristoylated alanine-rich protein kinase C substrate (MARCKS) and the MARCKS-related protein (26) .
Here, [ 125 I]TID-PC/16 was used to investigate the association between DnaA protein and membranes (Fig. 1B) Recrystallization of BNPS-skatole-BNPS-skatole was dissolved in hexanes (75°C) and cooled to room temperature. The crystals were dried under nitrogen, dissolved in glacial acetic acid, and used immediately.
Preparation of DnaA Protein-Phospholipid Adducts for Proteolytic Digestion-Lipid-DnaA protein adducts were electroeluted (recovered in 1-2 ml of 180 mM glycine, 25 mM Tris, 0.1% SDS) from excised bands and concentrated with a Centricon 10 microconcentrator (final volume of 30 -40 l). To remove salts, the samples were diluted with water (2 ml) and concentrated again. Where indicated, additional DnaA protein was added so that the level of protein was sufficient for subsequent resolution and detection of fragments. For samples that were treated with BNPS-skatole, SDS was removed by ion pair extraction (28) prior to cleavage.
Other Methods-[ 125 I]TID-PC/16 was prepared according to Weber and Brunner (23) at a specific activity of approximately 200 Ci/mmol. DnaA protein was purified (29) from BL21(DE3)pLysS/pKA211, a transformed strain in which high level inducible expression of the wild-type dnaA gene is under the control of a bacteriophage T7 RNA polymerase promoter. 2 Transfer of fragments from SDS-polyacrylamide gel to PVDF membrane was performed as described by Matsudaira (30) . E. coli phospholipid extraction was performed as described by Kagawa and Racker (31) from strain W3110 (F Ϫ , Ϫ , IN(rrnD-rrnE)). Protein quantitation was performed as described by Bradford (32) . Polyacrylamide gel electrophoresis (19% acrylamide Tris-glycine SDS-PAGE and 16.5% acrylamide Tris-Tricine step electrophoresis were performed as described respectively (33, 34) . Amino-terminal sequencing was performed by Dr. A. Fowler (UCLA Protein Microsequencing Facility).
RESULTS

Use of a Radiolabeled Photoactive Lipid Analog to Assess
Insertion of DnaA Protein into Membranes-Neutral vesicles composed of 1-stearoyl-2-oleoyl phosphatidylcholine (PC) or acidic vesicles composed of the 1-stearoyl-2-oleolyl forms of phosphatidylglycerol and phosphatidylcholine (4:1) (PG:PC) were prepared in the presence of [
125 I]TID-PC/16 ( Fig. 1A ). Nucleotide-bound DnaA protein was incubated with the vesicles and exposed to light to cross-link the lipid analog with regions of the protein that had inserted into the hydrophobic portion of the membrane bilayer. Lipid-protein adducts were precipitated with a mixture of chloroform and methanol to remove the bulk of unincorporated lipid and solubilized in SDS for further resolution by SDS-PAGE. DnaA protein was identified by Coomassie staining. The band was excised from the gel 1 The abbreviations used are: (23) . B, ATP-DnaA protein (in buffer A, 1 M ATP) was incubated (10 min, 38°C) with small unilamellar vesicles prepared from phosphatidylcholine or phosphatidylglycerol:phosphatidylcholine (4:1 weight ratio), which also contained [
125 I]TID-PC/16. The samples were subjected to photolysis, chloroform:methanol (1:2 (v/v); 3 times sample volume) was added, and after a period of time (1 h, 23°C) samples were centrifuged in a microcentrifuge (15 min, 14,000 ϫ g, 23°C). The supernatants were decanted to remove unincorporated lipid, and the pellets were dried in vacuo and dissolved (3 min, 95°C) in SDS-PAGE sample buffer. DnaA protein was further isolated electrophoretically (12% SDS-PAGE) and visualized by staining with Coomassie Brilliant Blue R-250. The bands containing DnaA protein were excised, and the quantity of incorporated lipid was determined by ␥-counting. Alternatively, the samples were prepared (see "Experimental Procedures") for chemical or protease digestion. Proteolytic products were separated by appropriate SDS-PAGE systems (see "Experimental Procedures"). Polypeptides were visualized by staining with Coomassie Brilliant Blue, and covalently attached lipid was detected in excised bands in a ␥-counter. Certain digestion fragments were identified by amino-terminal sequence analysis after transfer of peptides from parallel reactions to PVDF membrane. 
Insertion of DnaA Protein into Membranes
pletely dependent upon generation of the reactive carbene, as shown by the low level of lipid cross-linking in the absence of photolysis, even with the acidic PG:PC vesicles. The neutral and acidic vesicles used to photolabel DnaA protein were also assessed for their ability to induce the release of bound nucleotide from DnaA protein. The acidic vesicles, which were necessary for effective photolabeling of DnaA protein, promoted the release of bound ATP. In contrast, a poor release response was observed with the neutral vesicles, which were ineffective in photolabeling DnaA protein (Table I) . It is worth noting that the difference in the efficiency for photolabeling DnaA protein was dependent on the surface charge of the vesicles and not the head group charge of the photoactive lipid analog. The extent of photolabeling and specificity for acidic vesicles was the same for ADP-DnaA protein and the ATP form (data not shown). E. coli Phospholipid Vesicles Efficiently Photolabel DnaA Protein-The major lipid components of the inner membrane of E. coli are phosphatidylethanolamine (74%), phosphatidylglycerol (19%), and cardiolipin (4%) (35) . E. coli phospholipid liposomes can promote the release of nucleotide from DnaA protein (11) (12) (13) (14) . Total E. coli lipid vesicles that contained [
125 I]TID-PC/ 16 photolabeled DnaA protein at protein:lipid ratios comparable with those needed for membrane-mediated release of bound nucleotide from DnaA protein (Fig. 2) . The amount of DnaA protein photolabeled was similar (3.3% of added DnaA protein) to that photolabeled (2.7%) by an equivalent amount of the vesicles composed of the 1-stearoyl-2-oleolyl forms of PG and PC (Table I) . As the concentration of E. coli phospholipids was increased, up to 19% of the added DnaA protein was photolabeled (Fig. 2) .
Maximal Photolabeling of DnaA Protein Occurs with Membranes in the Fluid Phase-Although the necessity for anionic polar head groups for efficient cross-linking argues that the photolabeling of DnaA protein is specific, another membrane parameter, fluidity, was also examined. Membrane fluidity is essential for the release of nucleotide bound to DnaA protein (12, 14) . The ATP form of DnaA protein was treated at different temperatures with vesicles composed of E. coli phospholipids. The ability of the membranes to dissociate nucleotide from DnaA protein decreased at lower temperatures and occurred only at very low levels when membranes were below their
FIG. 3. Effects of temperature on membrane-DnaA protein interaction. A, [␣-
32 P]ATP-DnaA (1.26 g in buffer A containing 1 M ATP) was treated (10 min) with total E. coli phospholipid small unilamellar vesicles (33 nmol of phospholipid in buffer A) that contained [ 125 I]TID-PC/16 (520 cpm/pmol of phospholipid). Nucleotide remaining bound to DnaA protein was assessed for a portion (22.6 l) of each reaction (q). Values are calculated as a percentage of the ATP retained by DnaA protein incubated at the indicated temperature in the absence of phospholipid. B, total E. coli phospholipid small unilamellar vesicles (100 M in phospholipid) were labeled with trans-paranaric acid (phospholipid:fluorescent probe, 100:1 molar ratio). Fluorescence anisotropy (f) at different temperatures was measured as the sample was heated at a rate of 30°C/h. C, the remainder (113 l) of the reactions from A were subjected to photolysis (30 s), and photolabeling was measured as described in Fig. 1B . phase transition temperature (see Ref. 14 and Fig. 3, A and B) . Correspondingly, photolabeling of DnaA protein, an indication of insertion into the hydrophobic portion of the lipid bilayer, increased as the membranes underwent a transition from a mainly gel-like state to the liquid crystalline phase (Fig. 3C) .
A Distinct Region of DnaA Protein Is Preferentially Photolabeled-DnaA protein-lipid adducts were chemically and proteolytically digested and resulting fragments analyzed to determine whether incorporated lipid was found throughout the protein or localized to a single region (Fig. 1B) . A discrete region of DnaA protein centered on a possible amphipathic helix of residues Asp 357 to Val 374 has been shown to be indispensable for membrane-mediated release of nucleotide from proteolytic fragments of DnaA (22) . To determine if this essential domain inserts into the bilayer, DnaA protein-lipid adducts were cleaved with BNPS-skatole. This selective hydrolysis at the rare five tryptophans permitted a gross dissection of DnaA protein. BNPS-skatole cleavage of DnaA protein results in two large fragments: a 19-kDa fragment between tryptophans 117 and 288 and a 20-kDa fragment between tryptophan 288 and the carboxyl terminus. Resolution and visualization of the generated polypeptides by SDS-PAGE and Coomassie staining shows that the fragment patterns are the same, whether the protein was treated with neutral or acidic vesicles (Fig. 4A,  lanes 1 and 2, respectively) . However, reflective of the need for anionic phospholipids for efficient photolabeling of DnaA protein (Table I) , only the reaction with acidic vesicles contained radiolabel. BNPS-skatole digestion of the DnaA protein-lipid adducts showed that label was found almost exclusively on a 20-kDa fragment (Fig. 4B, lane 4) . Amino-terminal sequence analysis identified this as the carboxyl-terminal BNPS-skatole fragment of DnaA protein (data not shown).
Determining the specific attachment sites of the radiolabeled lipid on the 20-kDa fragment is impractical due to the limited quantity of DnaA protein-lipid adducts generated. Thus, to better define the regions of DnaA protein that were accessible to the hydrophobic photoreagent, full-length DnaA proteinlipid adducts were subjected to other hydrolytic treatments, 1 g) (lanes 7 and 8) , chymotrypsin (0.4 g) (lanes 9 and 10), trypsin (0.48 g) (lanes 11 and 12) , endoproteinase GluC (0.5 g) (lanes 13 and 14) , endoproteinase LysC (0.5 g) (lanes 15 and 16) , endoproteinase ArgC (0.5 g) (lanes 17 and 18) . After 12 h, an equal portion of protease was added, and the digestions continued for an additional 12 h. Fragments were separated on 16.5% acrylamide Tris-Tricine gels, and peptides were visualized by staining with Coomassie Brilliant Blue. Numbered bands indicate fragments subjected to N-terminal sequence analysis of peptides transferred to PVDF in parallel reactions.
including cleavage by cyanogen bromide (Fig. 5, A and B) and digestion with a variety of proteases (Fig. 5, C and D) . Peptides that could be clearly resolved by electrophoresis were examined for covalently attached radiolabeled lipid and mapped within DnaA protein by amino-terminal sequencing (Table II) . Peptides that did not contain radiolabel were also sought, such that the complete sequence of DnaA protein was represented.
Therefore, if radiolabel was found on peptides arising from only one or two regions of DnaA protein, its absence in other regions was not due to the inability to generate and obtain peptides for those portions of DnaA protein.
The distribution of radiolabel is presented graphically in Fig.  6 . As with the 20-kDa BNPS-skatole fragment, it was not possible to localize within a given fragment where lipid was attached. However, the peptides that contained radiolabel where found to overlap, being derived from a single region of DnaA protein; substantial levels of lipid were found on fragments encompassed by Leu 282 and Ser 467 ( Fig. 6A and Table  II ). The region of DnaA protein that inserts into the membrane can be further delineated in that fragments 12 (Val 211 -Met 307 ) and 9 (Ser 400 -Arg 463 ) both lacked appreciable attached lipid. Thus, the domain of DnaA protein that inserts into the hydrophobic environment of the bilayer is likely to be limited to a sequence that lies between Lys 309 and Arg 399 (Table II and Fig.  6 ). In contrast, only low levels of covalently attached lipid were detected throughout the remainder of DnaA protein.
DISCUSSION
These studies, which employed a lipophilic photoreagent, indicate that an essential step in the membrane activation of DnaA protein is the insertion of a distinct domain of the protein into the hydrophobic region of the lipid bilayer. As has been observed for the rejuvenation of ADP-DnaA protein (see Refs. 11 and 14 and Table I ), insertion requires membranes that contain acidic phospholipids (Table I) . Efficient photolabeling was observed with [
125 I]TID-PC/16 incorporated into acidic vesicles, although the lipid analog possesses a zwitterionic head group (Table I) . Interestingly, using [
125 I]TID-PG/16 in PG:PC (4:1) vesicles further increased the labeling of DnaA (data not shown), suggesting that in addition to creating an acidic surface on the lipid bilayer, the anionic head groups may be involved in direct contact with DnaA protein. This also may be reflected in the observation that clustering of acidic phospholipids in bilayers of mixed head group composition can have a strong influence on the affinity DnaA protein has for nucleotides (36) .
The covalently attached lipid was found within a single, distinct region of DnaA protein (Table II and Fig. 6 ). This segment of DnaA protein includes a portion previously shown to be critical for membrane-mediated release of nucleotide from DnaA protein (22) . A recent prediction on the structure of DnaA Table II was assigned a rectangular area proportional to the amount of associated photolabel (cpm from Table II); the horizontal dimension corresponds to the length of the fragment, and the vertical dimension is dependent on the magnitude (cpm) of photolabeling (for this analysis, photolabel associated with a DnaA fragment was assumed to be evenly distributed on the fragment, since its precise location cannot be defined). A, the rectangular areas of the fragments were aligned, additively where applicable, to the linear sequence of DnaA protein (residues 1-467) . B, the amount of photolabel associated with each residue was normalized to the number of fragments that contain that residue. The arbitrary units for the magnitude of photolabeling in panels A and B are the same. protein (37) suggests that the photolabeled region of DnaA is largely ␣-helical and lies within the structures termed helices H9 through H12. Helix H9 is thought to be part of the open twisted ␣/␤ core, and H12 lies within the known DNA binding domain located at the carboxyl terminus of DnaA protein.
Thus, these structures may not participate in the interaction with membranes. Helix H10 is thought to be long and amphipathic, and it has been suggested to be involved in a helixloop-helix DNA binding motif (37) , but H10 is dispensable for specific DNA binding (38) . H11 corresponds to the segment identified as important for membrane association (22) . Therefore, either or both of these elements and their intervening sequence are strong candidates for the structures that interact with membranes. A significant level of photolabeling was observed even when the E. coli phospholipid vesicles were below their phase transition temperature (Fig. 3) . Such photolabeling of DnaA protein did not emanate from hydrophilic reactive derivatives of [ 125 I]TID-PC/16 generated during vesicle formation, as is evident by the lack of similar labeling when DnaA protein was treated with phosphatidylcholine vesicles prepared with [ 125 I]TID-PC/16 (Table I) . Further support for the possibility that the low temperature photolabeling is due to a DnaA protein-membrane association is the ability of acidic vesicles in the gel phase to protect a region of DnaA protein from digestion by trypsin (22) . Thus, the photolabeling reflects the capacity of DnaA protein to insert into the hydrophobic region of the bilayer at relatively low temperatures. The fluorescent anisotropy data reveal that at 0°C, the E. coli total phospholipid vesicles were below their phase transition temperature (Fig.  3B ). As such, DnaA protein is either able to intercalate into lipid bilayers that are in the gel phase, or vesicles composed of heterogeneous phospholipids have fluid microdomains into which DnaA protein can insert.
In contrast to the photolabeling that occurred at 0°C, release of nucleotide from DnaA protein was virtually nonexistent (Fig.  3A) . In light of these results, it appears that insertion of DnaA protein into the anionic membrane bilayer, while essential, is not sufficient to catalyze nucleotide release. Previously, it was speculated that the need for elevated temperatures was to provide the membranes with adequate fluidity (11, 12, 14) . While this contribution may be necessary, DnaA protein itself seems to have a thermal requirement for dissociation of nucleotide. In support of this hypothesis, additional insertion of DnaA protein (as detected by photolabeling) did not occur at temperatures above the vesicles' phase transition temperature, although the efficiency of nucleotide release continued to improve (Fig. 3) . Similarly, a thermal requirement beyond membrane fluidity has been observed for the membrane-induced conformational change in SecA protein (20) .
We propose that in the process of membrane-mediated rejuvenation of ADP-DnaA protein, the charge of anionic phospholipids invites close contact between DnaA protein, which is a basic protein, and the surface of the lipid bilayer. Upon association with the membrane, a discrete region of DnaA protein inserts into the hydrophobic portion of the bilayer. The introduction of part of the protein into an aliphatic environment, along with sufficient thermal energy, produces a conformational change in DnaA such that the affinity for bound nucleotide is decreased.
It is not clear at this time if the function of acidic phospholipids is solely for the recruitment of DnaA protein to the membrane or if they play additional roles. DnaA protein does not need to recognize a specific anionic head group, since the requirement for acidic lipids can be met not only by a variety of glycerophospholipids (phosphatidylglycerol, phosphatidylserine, phosphatidylinositol, phosphatidic acid, and cardiolipin) (11, 14) but also by gangliosides (22) .
A concerted interaction of DnaA protein, oriC, and acidic phospholipids is necessary for membrane rejuvenation of ADPDnaA protein (11, 13) . However, the level of photolabeling and the distribution of covalently attached lipid on DnaA protein bound to oriC was indistinguishable from that seen for DnaA protein in the absence of oriC (data not shown). Thus, oriC appears not to influence protein-lipid association during reactivation of DnaA. Instead, oriC may stabilize a specific conformation of DnaA protein such that following the release of ADP, DnaA protein is able to bind ATP with high affinity.
It is still unclear whether the DnaA-membrane association is transient or DnaA protein remains bound to the membrane. Further biochemical studies on the interaction of DnaA protein and cellular components, in conjunction with examining the cytolocation of DnaA throughout the cell cycle should help to answer these questions.
